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co-inventor of ihe above- refercnced patent application. 

2. I am the co-autfaor of CanoU, PJ)., Musacchio, J.M., Hardy, R., 
Reynolds, R., Marchionni, MA., and Saltzer, J.L. (1996). "GGF/Neuiegulin is a 
neuronal signal that promotes the proliferation and soivival and inhibits the 
differentiation ojroligodendrocyte progenitors.'' Cell, 17:229^243 (hereafter Xanoll") 
(encIpsecO. Canoll is published in a peer-reviewed scientific journal. 

|3. Canon etal., it is clearly demonstrated that recombinant human GGF2 
andrecombiijantheregulinPl (a<3GF/pIS5erbB2Ugandgenep 
have EGF-Iike domains and aie ligands for the pl85/crbB2 receptor, are mitogenic for 
multiple typ^ of glial cells of flie central nervous system, specifically, pro- 
oligodendrocjtes, oUgodendrocytes. and tfp^2 astrocytes. Mitogenesis was measured by 
increasedBK|Uinc:orporationintomenucleioft^ TOs general technique for 
measuri«g mitogenesis was provided in the present appUcation (Example 3, pages 4445), 
and the relevj nt primary glial cells were isolated using methods known in 1990 or earlier. 

4. GGF2andhcregulinpl show similar eflScacy in inducing glial cell 
mitogenesis, which suggests that the effects of GGE2 are not isoform-specific. TTus is 
consistent wiA pre vious reports that the epidermal growfli factor-like domain is sufficient 
to mediate lh« : mitcgenic effect of GGF2 family members. 

5. I conclude ftom the results described above, and fiom other similar 
results, that polypeptides having epidem^ growth fector-like domains encoded by the 
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GGF2/pl85erbB2 ligand gene are mitogenic for a variety of glial cell subtypes, includiiig 
&ose of the cent^ nervous system. 

6. I licrdjy declare that all statements made herein ofmy own knowledge 
are trae and that all statements made on information and belief are believed to be trae; 
and further that these statements were made with the knowledge that willful false 

statements and the like so made are punishable by fine or imprisonment, or both, under 

i . 
Section 1001 of Title 18 of the United States Code, and that such willful felse statements 

may jeopardize the validity of the application or any patents issued Iheieon. 
I Mark Maichionni, Ph JD. 



04S8S.00200Q dcclntion M iifc Matdiiomi.wpd 



'3- 



^^a-^aj, August, 1996. Copyrignt i;,tS9G by C«il Pr^j* 



PAGE 



GGFMeuregulin Is a NeuronSsignal That Promotes 
the Proliferation and Survival and Inhibits the 
Differentatlon of Oligodendrocyte Progenitors 



2/ IB 



Peter D. CanoIV J. M Musacchk)/ Rebecca Hardy 

Richard Reynords.* Mark A. Marchionni' 

and James L_ Saiier*^* 

' Department of Pharmacology 

^Department of Cell Biology 

'Department of Neurology 

*The iCapian Carreer Center 

Njw York Unh/ersrty Medical School 

NejwsYork, New York 1001$ 

*Oep^tmcnt of Anatomy 

Charing Cross and Westmrnster CoHcge 

London W68RF 

United Kingdom 

^Cambridge NetiroScience, Incorporated 
1 Kendal! Square, Building 700 
Cambridge, Massachusetts 02139 



Summary 

We show that GOF/neuregdin Es a mitogen for prr>- 
o%odendrocytes (04+/01- cells}, oligodendrocytes 
(04+/01 + cete), and Type-2 astrocytes. Heregufin pV, 
another neuregulin rsof orm, is also mitogenic The pro-' 
Kferative effect of gTial growth factor (GGF) does not 
require, but is greatly potentiated by, sertrm factors. 
GGF also promotes the survival of pro-oligodendro- 
cytes under senim-free conditions- High levels of GGF 
revers2>fy tnhiWt the differentiation and lineage corr>- 
mitment of oHgodendrocyte progenitors and, m differ- 
entiated cultures, result in loss of 01 and myelin basic 
protem expression. AH three erbB rroeptois are ex- 
P»^essod by progenitors and are activated by GGF; the 
relative abundance of these receptors changes during 
«fi«^Jwtiation. Hnatty, cortical neiuw^ 
We ir^ogen for pro^figodendrocytes that is specifi- 
cally Mocked by antibodies to GGF. These results im- 
pricate the nouregulins m the neuronal r^gufafon of 
oUgodendrocyto progenitor proTiferation, surwvaL and 
dffferentiatiorL 

Introduction 

Ofigodendrocyte progenitors arise from the subventrio- 
ular rone (SV2) and migrate out from thet^ into devel- 
oping white matter, differentiating and proliferating en 
route {Ahman, 1966; Goldman, 1992). From the time 
these cells migrate out from the SVZ and come to reside 
in white matter tracts where they myeUnate axons, they 
are almost continually in a neuronal environment. In- 
deed, a vanety of studies indicate that neurons pro- 
foundly influence the sunaval, pronferatk>n, and differen- 
tiation of cefls of the oligodendrocyte Hneage (reviewed 
by Bames and Ftaff. 1994; Hardy and Reynolds. 1993a). 

'PTOMWt addrofiK B*x>ckdaJe Cwttcr for Molecular Biology The 
Mount Sirvrf Medical Center, One Gu5t»ve Levy PUcc. New Yorit. 
Now York 10029. ^ «^ 
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Transection of the optic n«ve during development re- 
sults in a severe reduction in th« numbers of cltgoden- 
dnjcytes, but not astrocytes, suggesting a depend3«c8 
of developing oligodendroglia on neuronal surv«va/&c. 
tors (David et al.. 1984; Foterand and Privat 1977) a 
finding confimied in cocuftira studies (Levi'ne 1^- 
Shaw et aL. 1996). Transection of Out adutt optic ner;;^ 
resuKs m a substantial reduction in tJie expression of 

T^"*^!^^^ ^'^^ dBodendrocytes (Kidd et aL, 
199^ McPhilecny et aJ.. 1990). indicating that later inl 
development axons regulate oCigodendrocyte differenti- • 
abon. Rnally, neurons and neuronal extracts are known V 
to pTOVKJe a milogenic signal for both immature and 
mature oligodendrocytes (Chen and DeVnes, 1989- Ed 
Sar and Rfeiffer, 1985: Wood and Bonge. 1986) 'that 
^pends, in part, on the electrical activity of the axon 
(Bames and Raff, 1993). 

Characterization of the factorelhat regutate oUgoden- 
^yte proUferation, differentiation, and survival has 
Deen faolrtated by the ability to generate and analyze 

^!^,^ ^^a^^ ^^'^ oligodendrocyte lineage. 
Cells at different stages of this bneage can be distin- 
guished, in turn, by their moiphohsgy and by their ex- 
pression of different antigenic maikers (Pfeiff er et al 
1993; Raff, 1989). An early ceU in the lineige. the 0-2A 
cen, IS recognizable by its bipolar morphology, by rts 
expression of a ganglioside recognized by*e A2B5 
monoclonal antibody, and by its failure to express mark- 
ere of either mature astrocytes, such as glial fibtflarv 
ac dK, protein (GFAP), orof eOgodendrocytes. inclLng 
^actocerebroside (GalC). While the noonal faS of 

iheseprogenitor cells in vivo is probably todevelop into 
oligodendrocytes (Monteros et al., 199^, some plLtic- 
existe that is dependent on unknown emaronit^l 
signals (Lfivison and Goldman. 1 993). In vitro. 0-2A ceHs 
demonstrate a great deal of phenotypfc ptesticity, differ- 
entating mto either ofigodendrecytes or typ^2 astroi 
cytes depending on culture conditions (Raff. 1989U- 
When cuhured in the presence of low concentrations oA 
serum, these cells progressivoly differentiate along the 
oiiaodendrocyte lineage, sequentially expressing glyoo 
lipKls recognized by the 04 antibody and the 01 anti- 
body (which reacts with GalO and then myelin-specific 
proteins. incUjding myelin basic protein (MBP) (Pfciffer 
et al., 1993). In contrast, culturing cells in the presence 
of high concentrations of seoim, or in the presence of 
certain growth factors such as ciliary neurotrophic fac- 
te^, favors the expression of astrocytic markers. notabV 
GFAP (reviewed by Raff, 1989). Thus, cultures greatly 
erinched in O-SA cells (A2B5+/04-). prt^^igodendr^ 
cytes (04+/01-), oligodendrocytes (04-;-/O1+) or 
^2 astrocytes (GFAP+) may be generated by var^ng 
the conditions of cell culture. 

By using such culture models, several candJlate mito- 
gens and survival factors have been identified that are 
effective at different sUges of the oligodendrocyte Cn- 
eage. Among the best-characterized are pl^telet- 
denved growth factor (PDGF), which is mitogeni& for 
Mriy cells m the oligodendrocyte lineage (i.c., A2B5-^/ 
04-) (Noble et a).. 1988; Richardson et aL, 1988)K.and 
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Results 
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nWO. The mitogenic effect is not specific for the 
GGF isoRsrm, as heregulin pi, another neuregulin iso- 
foitn expr^sed in the CNS. also has prdiferative effects. 
04+ cells treated for 1 6 hr with concTrtioced media, with 
or without hereguHn pi (Jo et aL, 1995), displayed a 
comparaWy robust mitogenic response. Thus, culhircs 
treated with control media had a labeling index of 
3.4% ± 0.4%, whereas hef egulin pi -treated cultures 
had a labeling index of 3a3% ± 2.4%. 

GGF is also mitogenic for 01 + ceJIs, although they 
appear to be less responsive than the total population 
of 04+ cells. The labeling index of Ol + cefls in the 
control cultures was 0%; it increased to nearty 5% with 
concentrations of GGF up to 20 ngfit^ and increased to 
iust above 15% at higher concentrations of GGF (200- 
2000 ng/mO. In separate experiments, a similar mito- 
genic effect on MBP+ cetis was also observed, i.e., 
there were no MBP+/BrOU+ cells in controls versus 
16.7% i 4.3% in the cultures treated with 200 ng/ml 
GGF. A representative example of an MBP+ cell that 
tncoiporated BrOU is shown in Figure 2. However, be- 
cause GGF treatment may down-regulate the expres- 
sion of these mature markers as descn'bed below, these 
studies may underestimate the actual mitogenic re- 
sponse of o&goderxlrocytes. 

Indeed, one of the most striking effects of short-term 
treajnent with GGF was a marked decrease in the num- 
aiKhpercentage, of 01 + ceOs from these more dif- 
ferentiated cultures- This decrease was dose dependent 
and inversely connelated with the mitogenic response to 
GGF {see Figures IG and IH). Treatment with 200 ng/ 
ml GGF resulted in a diamatic reduction In the at>soIute 
number of 04-*-/01 + celts from 26.5 ± 4.8 per high power 
fiekl (HPF) in control cultures to 4.5 0.7 per HPF; thus, 
the percentage decrease in 04+/01 + colls is not due 
to a selective expansion of 04+/01 - cells by GGF. In 
separate experiments, a similar decrease in the absolute 
number of MBP+ cells was observed in GGF and here- 
guUn ^l-treated cultures. These findings suggest that 
the loss of Ol and MBP expression reltects reversion 
Of 01 + cells to the Ol - stage or selective cytotoxicity 
of neurcgulins for Ol + cdls (for example, see Muir and 
Compston. 1996). As total cell numbers increase during 
the period of GGF treatment and cells appear viaWe, 
we favor the former possibility. Further studies are un- 
derway to elucidate the precise mechanism involved. 

Finally, to determir^e whether GGF was mitogenic for 
type-2 astrocytes, 0-2A cells growing in media supple- 
prtentad wrth B104 conditioned media were switched to 
media containing 20% fetal bovine serum (FBS). We 



Rcune Z, GGF Is Mrtocer^ic for MBP-f- Otigo- 
dendrocytea 

Cftila raatntarRod in DM* for 3 day$ were 
treated with 200" ng/roi GGF for 16 hn B*OU 
was added during th« litst 4 hrof GGF tmat- 
mefiL C«a* were imnwSiaiedly ffacad and 
4tained for UOP and BriXJ and^unter- 
ttairted with Koecmt dye to iderrtrfy all cells 
in the fieW. (A) shows the HoecfttX-atained 
coOt, including an MeP+ ongodcndnjcytl 
(8) d^monatratBs multiple BrfXJ-*- nuclei iA 
the same fieW. The nudeu* of the oTigoden- \ 
drocyte is BrOU+ and is Indicared by 
amw in each pane*. Scale bar, 2S jim. 



Observed that 3 days later, over 50% of the ceirs ex- 
pressed high levels of GFAP and developed a stellate 
morphology characteristic of type-2 astrocytes {Rgure 
3A). in parallel, the labeling index rapidly declined to 
2.5% X 0-7% (Figure 3C). After treatment with GGF for 
16 hr, there was a striking change in the morphology of 
the astrocytes with some cells exhibiting a few highly 
extended GFAP+ processes (Figure 3B), Of particular 
note, the labeling index of the total population of ceUs 
increased markedly to 14.5% T^J2% (Rgure 3D). Most 
of the BrOUH- cells were GFAP-. In separate experi- 
ments, type-2 astrocytes, identified by double labeling 
with GFAP, also demonstrated a modest but signrficant 
mitogenic responso. with the labeling index ^creasing 
from 0% in the controls to 8% in the GGF-treated cul- 
tures- 

GCf Has Direct Mitogenic Effects 
We next examined whether the mitogenic activity of 
GGF was direct or whether GGF stimulated proTrfera^on 
by inducing progenitor cells to release another growth 
factor that in turn increased proliferation. To this end, 
we first determined the neutraTizing activity of an antf^ 
body to GGF. Preincubating GGF wHh this antibody prior' 
to adding it to 04+ cells completely inhibited its mitV 
genie effect {T^r^AA); the sanr»e antibody did not inhibit^ 
the mitogenic effect of bFGF or PDGF, thereby demon- 
strating its specificity (data not shown). We next col- 
lected media conditioned by 04+ celts grown for 1 day 
with GGF {200 ng^ml) and added this media to cells 
directly or after preincubation with the GGF neutralizing 
antibody. Conditioned media from GGF-treated cells, 
when added directfy. resulted in a 6-foW increase tn the 
labeTing index of the recipient 04+ cells after 16 hr 
(Figure 48). The mitogenic effect of this conditionQd 
media was completely inhibited by preincubation with 
the anti-GGF antibody. Incubation with an anti-PDGF 
antibody, which was used as an antibody control, had 
no effect on the mitogenic activity of the conditioned 
n>edia. These results demonstrate that the mitogenic 
effect of GGF on 04+ cells is direct and does not result 
from the release of other mitogens into ttte conditiooed 
media. 

To determine whether the nnitogenic activity of GGF 
was dependent on serum factors, oligodendrocyte prx>- 
genitors were switched from media supplemented with 
81 04 conditioned media to a defined media without any 
serum added. After 3 days, GGF was added to tbtee 
cultures and the extent of proTiferation was measured 
as above. In the absence of serum ami GGF, the rsrfif 





Of pf oTrferation was markedly reduced, with a labeling 
index of 0.4% ± OJl% aft«-a 4 hrincubation with Brou! 
in contrast, in cultures treated with 200 ng/ml GGF the 
rate of proriferattoo was significanty }nc»«ased. with a 

^"H!? 'H^'' °^ ^-^^ - ^^"^^ indicate 
that the mrtogenic effect of GGF on oligodendrocyte 
propenrtoredces not require sanjm, although It isgreatly 
enhanced in the presence of tow concentrations of 
serum. 

GGF Promotes Oligodendrocyte 
Progenitor Survival 

Sugwal of oTigodendrocyte progenitors in vitro is de- 
pende^on the presence of a number of growth factors 
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R9ure3. CSGFETreetsortTvpe-eAatrocitea 
TyO«-2 a3tn»eyt«-«nricfted cxixuna nweteW 
tal>l«sttc<» by S-wwing cefls for 3 aays 
«»«ainin, 20% F8S. M<Wb v<B »«n adflea 
(A and q or wTtti 200 ng/mJ GG?sS 
andO)<or1Shr.thelast4hrwithBrOU Catel 
we«e fated and stained for GFAP expreeaioo 
(n«>«wcein seconoaiv) and comteratained 
wHh a rtueusar dye (ft a,^ B) or ataaied tor 
BrfXJ (nuonwccin awtaooy) « «>ow„ ;„ . 

and (D^ Seoaiate li«ws fwm a *in5ie experi- 

ment are slKwn ttiat are rwiwsntativc Of the 

staining pattern of each antibody. Scale bar 
25 |un. * 



R0UIB4. GGF tea Direct Mitogen for 04+ Celts 
U»ft the mitogenie effect of GGF on 04+ oella is blocfced bv a 
i;^^^'^^^'^^^:^^* oeOs p day, in OM-) were 5^ 
Sjj^i^^^ ^ ^ GGP. wilt. GGF and w anti. 

PDGF a«i|xxly. or with GGF and an antS-GGf amibocfy: B«U 
«ded dunno tti. I« 4 nr. Cete fixed end the o«*ertt«3e or 
toeted nocw v»M detecmined for e«ch conditkxv B*.* repress 
= SEM c< dupKcate from t*o indep««dem experi- 

ftght GGF is a direct mitogon. 04+ cells (3 days in 0M-) *ere 
■noAesed Ibr 16 hr with condHioned media fion. control ceBs or 
ft«r, ceUs treated with GGF (GGF conditioned nwda). Ttie GGF 
~«*2*n^n»di» was added directly to 

aJKWMF or enti-PoeF netrtralizing anCOodies. A 4 hr pol« of 
Brt>Ow^ fl|^ and the bbefing index detem^ined. Bare r«p^ 
i SEM Of dodicate w«lfa ftom two independent expert- 



r'^'''?"'*''^'"'" (for example, see Barres 
et a^., 1992). Conssteot with earlier reports we noted 
in *e ^udles described above large nS^ It"^^^ 
wlls in he control cuttures fbltowing semm withdrawal 
By contrast. GGF-trt«ted cultures had notaWy Z^r 
S^t^f 1' T^J*" ««S««ng that GGF pronJtas the 
sun,««l of oUgodendrocyte progenitore. Totf rectly kx- 

am«^whetherGGFhas survival effects for oligodendb- 
Qrte prc^enitors. ceils were grown in DM* for 3 days 

w^T^^o'** ^ *fin^ "ledia with ^ 

12 or 24 hr. Initial experiments were done in N2 media' 
and demonstrated that GGF strongly p,W>ted ofigo- 
dendrocyte progenitor survival as assessed fay nuclear \ 
dye e>«lus.on (data not shown). However. bo<Lso the • 
NZ meda contains concentrations of insulin (5 ^g/ml) 
B«t enhance oligodendrocyte survival (Barres efal. 

5; «Periments were repeated in Dulbecco's 
modified Eagle's medium (DMEM) without any supole- 
n«nt5. Similar effects on survival we.* apparent under 
these more stringent conditions (Figu.* 5). Thus, in the 
^sence of GGF, -50% of the celJ^ dead i 12 hr 
(Rgure 5A). whereas at 200 ng/ml GGF only abotjt 1 0% 
of the cells were dead. After 24 hr in DMEM, most of 
tf» cells were dead in the control cultures, wheioas 
sui^tial numbers of viable cells remained in the 
ti^eated cultures (data not shown). Cof»wstent with this 
assay, the control wells had many more pyfcnotic cells 
m small aggregates than the QGF-treated wells; signifi- 
cantly fewer ceUs in the control cultures also renSnad 
attached after changing the media, "me surviv^ effects 
of GGF on 04+ cells were dose dependent with a half 
ittaximal response of ~2 ng/ml (Rgure SO). 

Because of greatly improved cell survival in the piW- 
ence of serum, all subsequent studies described tjel^w 
have been dona in the presence of 0.5% aertim i 1 
in DM*. i.e.. 

GGF Maintains Progenitor CeH PioWoration 
and Inhibits Differentiation 

To determine whether the effects of GGF are sustained 
?a„„ ^ "cycles (Raff etal " 

1988), we treated 0-2A cells virith GGF chronically We 
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found that the mrtogenic effects of GGF are sustained' 
after 3 days of GGF treatment {200 ng^ml). the labelinq' 
rndex was greater than 30% CTable 1) and remained 
comparably elevated for sevefal weeks provided that 
ceDs continued to be passaged in the prBsence of GGf 
(data not shown). Ce! Is treated for 3 days wrth GGF were 
also analyzed for their expression of oUgodendrocyte 
maricers. Such ceOs progressed to the 04+/01- stage 
but were inhibited from differentiating to the 04+/0T + 
stagefrabfel).Forexampie,after3daysofGGF essen- 
fefly all ceJlswere04+ and hadamumpoiar morphology 
(Rgures 6A and 6B), but less than 10% of the ceils 



^ ^"^"^ ^'"P^ morphology 
chai^enstK: of mature oCgodendrocytes (Rgures^ 
and 60). This rnhibttK>n of differentiaiion reversed f oliow- 
^ w^waf of GGF; we obsen/ed that 3 dalys after 
QGF wrthdrawai, over 50% of the cells became 01 + 
treatment with high doses of GGF reversibi; 
weeks ofigodondrocyto drfferentialion at the 04+/oV- 
slage, 

GGF similarly inhibits differentiatJon of 0-2A ceils intb 
typ^2 astrocytes CTabie 2), Cells were switched to ?he- 
dia containing 20% FBS with or without 200 ng/ml G^ 
tor 3 days. When grown in 20% FBS with GGF fewer 
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Growth Condition 
+GGF 
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Ca«s wore grown in OM- (ApO> orin 20% FBS 
(E ai^ P) without (A. C, and q or wvth (B, D 
and GGP fx 3 days. Ciittures wwe tued 
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Celte that did express GFAP had a unique moiphoJoay. 
charactotted by a few highV extended, GFAP+ wo- 
ce^ (Rgures 6E and 6F). Cells grown in 20% res 
w»th GGF also continued to ptoiifetate at high levels, 
inducted by a labeling index of 19.7% ± 25% after a 
™; BrOU pulse compared with «% ± 1.4% in control 
cultures. 

GGF Maintains 0-2A Cells as Bipotential CeUs 

The aljilfty of GGF to niaintain cells as pfoTiferating 04 +/ 
01 - progenitore suggested it might inhibit them from 

committing to either the oOgodendrocyte or astrocyte 
I'nwgos. To test this hypothesis, we grew the 0-2A cells 
■n QM* with or without GGF (200 ng^ml) for 3 days. 

s^wtch^ldl an cefls to n«xfia supplemented w» 
w»thc«t SGF for an additional 3 days, and then stained 
for GFAP expression. Calls grown in DM- without GGF 
nad largely become committed to th© oligodendrocyte 

^neaa^despiteswitching to Wghsefwi conditions, less 
tfan 1 % of cells expressed GFAP CTabCe 3). In contrast. 
When ceils were grown in DM- with GGF for 3 days and 

1^!^.*° ^ *^<5F, greater than 

10% of the celts were induced to express GFAP. Thus, 

maintained a significant number of the cells in an 
uncommitted bipotential state, allowing them to differ- 
entote mto astrocytes in media containing 20% FBS 
.r^^ experiment demonstrated that GGF also in- 
hibrts eanmftment to the astrocyte lineage. Cells were 
growom 20% FBS for 3 days with or without GGF. and 
werethenswitched to DM* withoutQGFforan additional 
3 d^ Only about 5% of the cells grown initially without 
^GF exprossed Ol . In contrast, when cens were grown 
•n 20% FBS with GGF and then switched to DM\ 



tfan ^% of the cells were induced to diffeientiate into 
21 Ji?*^*^^ rrabre .2). Taken together with 
o^^I!? these results indicate that 

tGF inhibits the differentiation of 0-2A cells and main- 
tams them as proliferative bipotential cells. ^ 

Cortical Neurons Release Neuregulins 
Previous studies demonstrated that oorticai neurons re- 
lease imtogenic fectois for 0-2A progenitor cells tL 

1993^^ We have extended these studies by examining 
the ^ects of the CCM on 0-2A cells that were alloWW 
to diflerentiale in DM'. 0-2A cells were grown for 1 2 h^l 
or3 days in DM- and were then treated with 33% CCM 
for I B hr, BrDU was added for the last 4 hr. Analysis of 
BrOU mcoiporatibn showed that the CCM was mito- 
genic for cells in both conditions, inducnig a 2-3.fold 
increase in cen proWeration in each case (see Rgure 7). 

Tawea. ggf Maintains 0-2A Cells in an Uncommitted S t«g^ 
DM--FBS FBS-DM- 

Gn>wth Condition 
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0.4 i 0.1 
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27.0 r 2.4 
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^= SQ« o. d„p6c=*e wells Ihxn ,h«e ^wlep^S^^iei 



Neuron 3/ IS 

236 




■ OGP 

n POGF 



B 




□ CCM 

a CCU«a^t^POaF 



t2 hours 3dirr» 

r«riod Q« omermtiMiQQ 

FigureT. GGFIs 9 Mitogen fteteased by Cerebral Cortical Ndwons 
in Primary Cutturo 

CA) PDGP, bFGF, aftd GGF have tfistinct mitogonic effects on oTtjo- 
denAocyte pnagefKtors at cftffifrrent stages of dxffwtittiation. Ofrgo- 
dendrocytc progenitors wem grown n DM * for 1 2 hr or 3 tfsys an d 
th|^ UBatod with PDGF (10 ng/mi), bFGF (10 r^ml). or GGF (200 
n^rraxforie hr. Analysis of BrOU tncorpocHtion (4 hrpufsc) sttowed 
that the^itogenic response to the three growth f actons changes 
asthecett3 becocnenK>re differentiated. Bare rdoresetnthsty^a^ ± 
SEM duplicate weUs from tvvo to three indeoentfent expert 
(B) GGF and PDGF are rdeased by cortical rtourons. C«U» were 
grown in OM* for 3 days and then tr«ted for 16 V with 33% CCM 
That had Oeen prcsncubatsd with an anti-GGF, an artti-POGF, or 
an anti-bFGF antibody. BrDU was added duimg the last 4 hr of 
incubation. T^e data ha» been normaCzod to the offdct of the CCM 
in bO<h cases. Bars represent tbd mean r S£M of dupGcate weUs 
from thfee independent experimentt. 



Immunofluorescence analysis revealod that essentially 
all of the cells had advanced to the 04+ stage at both 
time points; therefore, ttie CCM was mitogenic for 04+ 
cells under the conditions tested. Double staining further 
demonstrated that all of the BrDU-positive cells were 
(D4+/01 - (data not shown). The CCM-trsated cells had 
a distinctive multipolar mofphoJogy with four to ten wide 
flat processes consistent with our previous report 
(Hardy and Reynolds, 1993b) and similar to the effects 
we observed with GGF treatment (see Figure 1). 

We next compared the mitogenic response of the 
ongodendrx>cyte progervtors grown in DM* for 12 hr or 
for 3 days with a series of growth factors including bFGF 
(1 0 ng/ml), PDGF (10 ng/mQ. and GGF (200 ng/ml). The 
doses of growth factors used were chosen to provide 



a maximal mitogenic response based on comcamtrve 
dose response curves (data not shown). As snown in 
Figure 7A, cells switched to DM"- for 12 hr (which con- 
sisted of recently differentiated 04+/01 - cells) dis- 
played a robust response to all three growth factors!^n 
contrast, rtwe mature cells that had been mairrtaineb 
in DM* for 3 days had slgnificantfy different mitogenic 
response to these growth factors- In particular, the mi^ 
genie effect of PDGF was markedly diminished on these! 
more differentiated cells, whereas ttiat of bFGF was 
increased in general agreement with previous reports 
(for example, see Gard and P>feiffer. 1993). The mitogenic \ 
effect of GGF was similar for cells in both cases, indicat- 
ing that it has a pattern of mitogenic activity distinct 
from either bFGF or PDGF. 

To identify which, if any^ of these poiypeptkle growth 
factors were released by cerebral neurons, we incu- 
bated the CCM with vanous neutralizing antibodies for 
30 min prior to adding it to cells nrainlained in DM"" for 
ehher 12 hror3 days. Results are shown rn RgureTB, in 
both cases, the anti-GGF antibody slgnificantfy inhibited 
the CCM-induced proliferation. The inhibrtion of prolifer- 
ation was more pronounced with the mature 04-*- cul- 
tures (3 days in DM*) as compared with the newly differ- 
entiated 04+ ceils, i.e, a 68% inhibrtion of the CCM 
effect compared with a 48% inhibition, respectively. We 
also observed a significant inhibition of proliferation with 
the anti-PDGF antibodies, particvlarty in thejcase of 
the newly differentiated 04+ cells (12 hr in DM*). By 
contrast, there were no significant effects of the anti- 
bFGF antibodies on the mitogenic activity of the CpM 
when rt Y>/as tested on cells grown for 3 days in DM*. 
Taken together, these studies indicated that cortical 
neurons release tx>th PDGF and GGF (or a related neu- 
regulin isoform), with PDGF accounting for much otthB 
mitogenic activity for early lineage cells and GGF for 
cells at later stages of differentiation. 



Regulated Expression of Neuregulin Receptors 
by Cells in the Oligodendrocyte Lineage 
Neuregulins bind to and signal via a subfamily of recep- 
tor tyrosine kinases that include &t)BZ erbB3, and 
erbB4. To determine wttich of these receptors were ex- 
pressed by cells in the ofigoderYdrocyte lineage, we pre- 
pared lysates from 0-2A cells grown in B104 condi- 
tioned media, from type-2 astrocyte^-enriched cultures 
grown in 20% FBS, and from cells that increasingly drf- 
ferentiated into 04+/01 + oUgodendrocytes grown in 
DM* for 1, 2, 3, or 4 days. Lysates were fractionated by 
SOS-polyacTyiamide gel etecirophoresis (SDS-PAG^ 
and tmmunoblotted with a panel of receptor-specific 
antibodies. As controls, we analyzed lysates prepared 
from rat Schwann cells and from newt>cm rat cerebrum. 
Results, shown in Rgure 8A, demonstrate thaj, with the 
exception of Schwann cells, which are known to express 
only erbB2 and erbB3 proteins (Levi et aL, 1995), all 
three receptors were expressed in each cell type* and 
in the brain. Of note, erbB3 is a prominent neuregidin 
receptor protein in Schwann cells and in cells of the 
oligodendrocyte lineage. In contrast, ert:84 appears to 
predominate in the neonatal brain, which may reflcctits 
high level expression by neurons in several regions Of 
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th cieveloping fbret3rain (characterized as tyro 
arxl Lemke, 1991). Of partictjlar irrtefBst, as cells 
grass along the oCgodendrocyt r^ge. ther^ Js a V 
cra^se m ert>84 and an increase in ettB2 expmss' 
m some experiments, this transition was even more ptotI 
nounced than is shown here. Because these cuftures 1 
even those maintained in DM- for 4 days, contain a ' 
mixture of 01 - and 01 + ce«s, the expression of efbB4 
may be even further reduced in the 01 + cells. Additional 
Studies to address this point are in progress. 

We next analyzed which proteins were phosphory- 
lated following GGF treatment GGF was brietfy added to 
cd^resof Schwann cells, to 0-2As On Bl 04 conditioned 
media), to 04+ cells p days in DM^, and to typ^ 
astrocyte-enriched cuttures (3 days in 20% FBS), Ly- 
sates were prepared, fractionated by SDS-PaQE, Wot- 
ted, and praised with an anti-phosphotyrosine antibody 
In each case, GGF treatment resulted in increased phos^ 
phciytation of a protein band of M 85 kOa, with the 04-.- 
cdlts demonstrating the most robust response (Rgure 
In some experiments, a protein of similar size is 
constitutively phosphorytated at lower levels in^e 0-2A 
and 04+ cells. To detennino which of the eitB receptors 
were phosphcrytated foflowing GGF treatment, tyndteine 
phosphoiyiated protdns were immunoprecipftatedknd 
analyzed by immunobiotting with antibodies specific ter 
each of the receptor proteins (Figure 3C). As a coqtrol 
total lysate from the 0-2A ceils was also anafyz^ ' 
each case, phosphorylated eft>B3 is quite prominem. 
Phosphorylated fomis of erbB2 and efbB4 were only 
readily detected in the case of the 04+ cells but were! 
afeo present in the case of the type-2 astnxytes with 
higher sample loading (data not shown). 

Discussion 
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Ftgunea ExpresaionofReceptorteofomijbyCeastfitheOfi^^ 
drocyte Lineege 

W Expression, of oft>B reooptort t>y ctUt rfi the ofigoctendrocyte 
Sneoge. Detergent lyaatas vm prftoarwJ from rat Schwann cetia, 
from PO cef^eexiJm. and fhxn 0^2A c«flt in COn<^^ 

orgrofwnlnDM- for1-4<Jaysor20% FB$for3days.Santp»esy»ore 
ft^^rtated by SOS-PAGE, blotted, and probed whh antibodies 
^cific for ert>82, ert>B3, and 

(B^C^bducea phospbofytatkJo o< pi $5. Schwami ceOa, 0-2A oefe 
Qrowtfl^ln Bl M conditionod medi*, 04+ cells growm in DM* for 3 
OAya, and type-2 astrocyt^-eniictkod cultures ^wing in 20% FBS 
f Of 3 days WW lyaed cfirectiy in dBtcr^ (- or aftertrea^ 
wrth GGFforiS min (+lanos}. D«t**^ »mte» (l5 nfl/lane) were 
3Ut,«rfad to SDS.PAGE. tnim^«*red onto nhr^^ 
r^oblottod with an anti-phosphotyro*^ amibody. 



GGF has long been known to be a potent mitogen for 
Schwann cells and astrocytes (Bnjckes et al., 1980) but 
had not been recognized previously to be a mitogen for 
oTigodendrocytes. We have demonstrated in this report 
mat GGF IS also a potent mitogen and survfvaJ tactor 
for cefls of the ongodendrocyte fineage and inhibits the 
differentiation of pft>oligodendrocytes- These findings, 
and their rmpllcations for the neuronal regulation of oO- 
SOdendrocyte development, are considered below. 

«5GF Is Released by Neurons and ts Mitogenic 
for Cefls at Different Stages of ttie J 
OligodendPocyto Uneage 

We have found thai GGF has potent mitogenic effects 
tor pro-oligodendrocytes and digodendrecytes Wtd 
modest mitogenic effects for type-2 astrocytes, ^he 
04+ proKjfigodendrocyte exhibits the most robust mito- 
genic response to GGF, which conflates well wttK^e 

GGF induce* pho*phoryiation oi emB receptors 0-2A celte in 
concfit«n«d media, 04+ ceils grown « DMMor 3 da^ 
astrocyt«-«nrfch«cx cusxws9 grown in 20% FBS for 3 daysl 
wwB treated with GGF tbr i5 min and tyrosine phosphorylated 
^«©uTs were irmiunoprTCip.-taittd. separated by.SOS-PAGE, biot- ' 
tod, and probed with wfa6r8Ccpto«v^)ecyCj^^ 

hrs^frDm i^tTBatad 0*2A c««6 was nin in thft fret taiv; as a co^ 
for antaxxiy reactwity. 
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extent of receptor phosphofylation. This mitogenic ac- 
tivity operates directly and does not require senmi co- 
factors, although it is si^ificantly potentiated by low 
concentrations of senim. We have not examined the 
mftogenic effect of GGF on undiffeiwtiated 0-2A cells, 
because, in the cufture mode* we have used, these ceils 
exhibit high basal levels of proliferation as a result of 
expansion in the neuroblastoma conditioned media. 
However, addition of GGF results in the rapid tyrosine 
phosphoryfation of a protein band of '^^l 85 kDa for 0-2A 
cells, suggesting that GGF may also be mitogenic for 
these cefls- This has been confirmed in preliminary stud- 
ies in which 5 ng/ml GGF resulted in a several fold in- 
crease in the proliferation of freshly panned GDQ+/04- 
cefls (R. a, unpubfehed dat^. 

Previous studies have shown that regulation of oligo- 
dendrocyte proliferation is under the control of severaJ 
mitogens that pperate at different stages of the oligode- 
ndrocyte Uneage. Thus. PDGF acts on early progenitofs, 
whereas dunng the 04+ pro-ofigodendrocyte stage, 
cells lose their responsiveness to PDGF and become 
inc^e^gly responsive to bFGF (Gard and Pfefffer. 
1 990).^e transition from 04-t-/01 - progenitors to Oi + 
ofigodendrocytes coincides with a decrease in the mito- 
genic response to bFGF (Gard and Pfeiffer, 1993). Our 
results are consistent with these reports, as cells at an 
early stage of differentiation (12 hr in DM*) responded 
equally to PDGF and bFGF whereas cells at later stages 
of differentiation (3 days in DM*) were much more re- 
sponsive to bFGF than to PDGF. The proliferative effects 
of GGF are distinct from those of PDGF and bFGF in 
that it is equally effective on newly differentiated 04+ 
cells and more mature 04+ cells. Indeed, GGF was 
even mitogenic for oligodendrocytes. The notion that the 
ofigodendrocyte lineage is under the control of different 
mitogens is also in general agreement with the temporal 
pattern of expression of these growth fectors in vivo. 
Both PDGF (Yeh et al., 1 99l) and the neuregufins (Corfas 
et al^ 1995; Meyer and Birchmeier, 1994; On'-Urtrcger 
et aL. 1 993) are expressed veiy early during CNS devel- 
opment. The neuregulins, in particular, are expressed 
well before the oligodendrocyte progenitors ai« thought 
to arise at approximately El 6 in the rat forebrain (Levine 
and Goldman, 19S8) and they persist, at lower levels, 
into adulthood. By contrast, bFGF mRNA expression in 
the brain is first detectable postnatalfy and increases 
into adulthood (Riva and Mocchetti, 1991). Taken to- 
gettier, these results suggest that GGF and PDGF are 
nk%^regulate early progenitors, including 0-2As and 
early pso-ofigodendrocytes. whereas GGF and bFGF 
may function at later times on more differentiated pro- 
oligodtendrocytes and oligodendrocytes. Whether GGF 
coopCTates with these other growth factors to regulate 
the mitogenic response is an important question for 
future investigation. 

Neurons are an important source of oligodendrogfial 
mitogens (Barres and Raff, 1 994), releasing soluble fac- 
tors including PDGF (Dutly and Schwab. 1991; Zajicek 
and Compston, 1994) and bFGF (Haniy and Reynolds, 
1 993b; Logan and Logan, 1 986) and stimulating prolifer- 
ation via contact-dependent factors (Chen and DeVnes 
1989; Wood and Sunge. 1986). Central neurons (Card 
and Pfetffer, 1990; Hardy and Reynolds, 19935; Levine 



1 989) and the neuroWasUwa line Bl 04 (Hunter and Sot 
tenstein, 1 991) also release a soluble mftogen(s) for di- 
godendnoglia that is distinct from PDGF and bFGF We 
have found that neurons cultured from embiyonic <ire. 
bra) cortex release GGF into the culture media and that 
this GGF IS mitogenic for pro-oligodendrocytes. With 
this report, GGF, hereguQn pi , and potentially other neu- 
regulm tsofbmts expressed in the CNS (Ho Qt al 1995) 
must now be considered Ukefy neuronal mitog^ for 
oligodendroglia. (In preOminary studies, we have also 
detected secretion of GGF by the B704 neunjblastoma 
line.) In agreement with this possibility, cortical neurons, 
which would be expected to regulate the devetop^t of 
forebrain-derived oligodendrocyte progenitors, express 
high levels of GGF during development (Chen et al_, 
1994). GGF and other neureguCns may also functi^ii 
as an axolemma-associated mitogen, as they do h>c 
Schwann cells (Rosenbaum et al., 1996; J. L S., unpub*- 
Iished data). Of interest in this regartl, Nordlund ehaL 
described the partial purification of a protein of 50 kl^ 
from brain membrane preparations that is mitogenic for ' 
both Schwann cells and oligodendrocytes (Nortilund et 
al^ 1992) and have reccntiy obtained evidence tfiat it 

may correspond to GGF (Rosenbaum et al.. 1 996). Taken 
together, these results suggest that both soluble and 
n^embrane-associated forms of the neureguOns are 
likely to play an important role in regulating oCgodendro- 
cyte progenitor proliferation during development. 

Based on in situ hybridization, neurons and cells of 
the SVZ appear to be major sources of neuregulins in 
the devefopcng and adult CNS (Corfas et ai., 1995; Off- 
Urtreger et al., 1993; Vartanian et al., 1994). In addition, 
astrocytes also synthesize these proteins (Pinkas-Kra- 
marski et al., 1994). While the identity of the cells ex- 
pressing GGF in the SVZ has not yet been established, 
this region is primarty comprised of gGal progenHors in 
the early postnatal period (Levison and Goldman. 199^. 
These findings suggest that both neurons and glia may 
be physiologic sources of neuregulins during devel- 
opmenL j 



GGF Inhibits Uneage Commitment and 
Ortgodendrocyte and Astrocyte Differentiation > 
AWKHjgh axons are required for oligodendrocyte diffe^- 
entiation and myelination, tissue culture studies sug^^ 
that initially they promote proliferation and delay m^^ 
hnation of oligodendrocyte progenrtor^ Putfy and 
Schwab, 1991; Levine, 1989; Shaw et al., 1996; Zajicek 
and Compston, 1994). This inhibition of differentiation . 
results from axolemma-associated factors (Zaitcek and ' 1 
Compston, 1994). After this initial delay, and once an 
appropriate cohort of oligodendrocytes is generated, a 
later phase of differentiation ensues (Ban-os and Raff 
1994; Shaw et aL, 1996; Wood and Bunge, 199i). Iri 
agreement with tiiese initiai effects of the axon. GGF 
promorcs proliferation and significantly inhibfts differen- 
tiation of ongodendrocyte progenitors beyond the 04+/ 
01 - stage. These effects of GGF resemble those of 
bFGF, which, as noted above, arrests cgHs in the 04+/ 
^.^T differentiation (McKinnon et aU 1990). 

Similar effects of mitogens on Schwann cell myelination 
(Enheber et al., 1 995; Gurnard et al., 1 995; Morgan et al.. 



J 



2U9 



- -^ tJb I 2 



1994), including GGF (Cheng and Madge. 1996; J. L S. 
unpublished dat^ hav also been observed. These re- 
sufts indicate that high level expression of neuronal mi- 
togens can pronnote prioirferatoi and arrest myeiination 
in both the CNS and PUS. 

Th atMrrtyofGGFtoinhtbftoiigodendfocyted?fferenti- 
alion raises the question of how ofigbdendrocytes differ- 
cntiate and mydinate axons, which are Gkety to expr^ 
neuregulins at the^r cen surtace. One possibility is that 
dunng CNS devetopment. expression of neuresuiin 
(Chen et al., 1 994) or its receptors (Jin et aJ^ 1 993; Kokai 
et af^ 1987) {or Ixsih) are dovm-regulated. In addition 
fectors released by astroQGahave been reported to over- 
coma the inhibition of differentiation of 0-2A cells ob- 
*rved with PDGF or bFGF (Dutly and Schwab, 1991; 

et aL, 1993) and could similarfy modulate these 
effects of GGF in vivo. 

Tfje effects of GGF on type-2 astrocytes are compiex. 
Similar to its effects in the oligodendrocyte lineage, it 
m hibits the differentiation of 0^2A cd Is i nto type-2 astro- 
cyteSw However, it also promotes a dramatic change in 
the morphofogy of type-2 astncx:ytes that have already 
formed, resulting in the production of a few hig Wy elon- 
gate processes (see Figure 1 and Rgure 6). In addition, 
GGF has a modest, but significant, nnitogentc effect .dii 
these cells. Some of these findings am similar to the 
effects of a neuregulin isoform. NDF. on type-1,astm- 
cytes (Pinkas-Kramarsfd ct al,, 1994). These investiga^ 
tors found that KDF had only a modest effect on 
astrocyte proiiferation, but promoted the formation of 
more extensive processes. In addition, NDF promoted 
astrocyte survival under serunvfree conditions and In- 
creased their maturation as evidenced by up-regulatioo 
of GFAP expression, effects of GGFon type-2 astrocytes 
we have not anatyzed. 

We have further demonstrated that GGF kihibits the 
abiTrty of O-ZA cells to commit to either the oligodondro- 
cyte or astrocyte lineage. In the forebrain, 0-2A cells 
arise primarily from the SVZ and, as noted, this is a 
region of high level exprsssion of GGF-related protefns. 

findings raise the possibility that high level ex- 
F^e^ion of GGF in this region may contribute to the 
higH>^ of proliferation and the multipotential nature 
characteristic of cefls in this region via an autocrine or 
paracrine mechanism. Although cells in the postnatal 
SVZ are mutepctential with respect to the glial lineage, 
giving rise to either astrocytes or oligodendrocytes, they 
Only rarely give ris^ to neurons (Levison and Goldman, 
1993). Whether GGF commits these cells to the gfiai 
Eneage as it does for ceils of the neural crest origm 
(Shah et al.. 1994) is not yet known. 

The Effects of GGF Are Not tsof orni Specific 
These findings contrast with a previous study (Varcanian 
et aL. 1994), which reported ttwt treaftnent of digoden- 
«lrocyte progenitors with AftiA, a related neureguCn iso- 
fomi, results in increased numbers of 01 + cells fTX>m a 
Prosenitor population. In that study, treatment with ARIA 
did not increase the proliferation or survival of oligo- 
dendrocyte progenitors, and rt was therefore suggested 
that ARIA promotes ofigodendrocyte differentiation. As 
these fmdings are in sharp corrtrast with those reported 



here, we investigated whether the effects of GGF were 
^oform specific. We analyzed the mitogenic ^ects of 
hereguim^1,th human hooKrfog of ARIA, and found it 
to be a potent mitogen, comparable in its efficacy with 
GGF. In addition, tr«afinent with hereguGn 31 also ao- 
pears to result in a similar loss of MBP+ o4«s in ti^ 
treated cultures, although this effect has not been cuan- 
titated. These results mcficate that the effects of GGF 
are not isofonm specific, consistent with prev>o4 re- 
ports that the epidermal growth factor domain isluffb. 
cient to mediate the mitogenic effects of the neuregulins 
(Dong et al., 1995; Holmes et al., 1992; Morrisseyyt al 
1995). Potentially, melhodologic differences betw^ 
these studies may contribute to the different effects 

observed. First, Vartanian et at also used supematants 
fron^ t ransf ectcd COS ceOs as their source of AR lA, anci 
therefore the concentration and purity of the material • 
added to the oligodendrocyte progenitors is unknownA 
Their studies were also done under serum-ftee condi-* 
tions, which we have found signiiicantiy reduced the 
mitogenic effect of GGF and accentuated its trophic 
effects- Hnally, the cells used in our studies ex- 
panded with B104 conditioned media, which might en- 
Jjanoe their responsiveness by up^negulating oligoden- 
orogUal neuregulin receptors akin to the increase in 
POGF receptors cbseived with bFGF tr^tment (McKin- 
nonetal^1990). 



A General Role for GGF in Regulating 
Myonnating Glial CeO Numbers 
The effects of GGF on the proliferation, sunm/ai, and 
maturation of oligodendrocyte progenitors ar^ strikingly 
similar to its effects on cells of the Schwann cell lineage. 
GGF has long been known to be a potent Schwann 
cell mitogen and has recently been impncated A the 
contact-dependent stimulation of Schwann cell proftfer- 
ation by neurons (MonissGyetaL,199S). Inotherstudfes. 
GGF has been found to inhibit the expression of mWlin- 
specific proteins by Schwann cells (Cheng and Mud^, 
199Q and their ability to nriyeUnate axons (M. J. Kan- 
nocks, J. L S., unpubUsl^d. data). Thec^ also app 
to be a transition in the expression of nouregultn r^, 
tors in the Schwann cdl lineage; progenitors; but notl 
mature Schwann cells, express erfcB4 (Dong et al., l99S-\ 
Levi et al., 1995). This transition in receptor expression 
resembles that of the 0-2A cells as they differentiate 
into oligodendrocytes (see Figure These changes 
in the repertoire of receptor heterodin^ expressed 
during the glial lineage, in turn, could be an important 
detOTftinantoftheceUular response, regulating receptor 
affinity and determining which intracellular signaling 
pathways are activated (Carraway and Burden 1995- 
RieseetaL, 1995). 

Of particular note, Schwann cells (Jessen et al., 1 994) 
and oligodendrDcytes (Banes et al^ 1 99^ are overpro- 
duced during development and undergo apoptosis ow- 
ing to limiting amounts of nerve-derived sun/tval factors. 
In vitro, neurons promote the sunrivai of oligodendrocyte 
progenitors by a mechanism involving neuniial mem- 
brane-associatGd factors (reviewed by Barres and Raff. 
1994). Recent studies have demonstrated that thai neu- 
regulins promote the survival of perinatal Schwannl^Us 



(Tracntenberg and Thompson, 1996) and their pfocur- 
sors (Dong et al,, 1995). The trophic effects of GGF on 
oltgodondrocyte progenitors wo hay© described here 
Surest that GGF could have a simHar effect on the 
survivaJ of these cete during CNS devetepment. By pro- 
moting the suivival and profrferation of both immature 
o«i»dendrDcytes and Schwann oeds, GGF may there- 
fore h^e a crucial role during development rn adjusting 
the finai'numijer of myelinating glial cells to the number 
of available axons. 

In sumnjary, we have demonstrated that GGF, a neu- 
regufin i^dfcrm, has potent effects on the pronferation, 
differentiation, and survivaJ of oligodendrocyte progeni- 
tors- These results strongly implicate GGF in the neu- 
ronal regulation of oligodendrocyte development. Im- 
portant questions remain regarding the significance of 
the dffferent neuregulcn isoforms, their potential synergy 
with other ofigodendroglial mitogens, how their activity 
is modulated during development, and whether they 
play a role in the response of the ongodendncxzytes to 
injury, including remyeOnation. Analysis in coculture sys- 
tems together with genetic strategies should tuntmr 
danfy the precise physiologic role of the neuregulins in 
axon-oligodendrocyte signafing. 

Cxp *« vi t ^tt»l Praosduros 

Ced Cutting 

Primary mboad $fial cen cultures^ generated from 2^day-old rat fore- 
brains wore mairrtaineO in DMEM with 10% FBS^ 7-10 days, after 
wWch 0-2A prooonrtOfS ana mkroglia wm s^p^ted from type-1 
WliT)cyte3byshakm8thoCullure»2S0RPMfor12hr^ 
tfiyandOeVeltia, 1980).TIw detached CV2AoeUs and mka^^ 
repfated onto uncoaied tissue cuftwue <toh<s and left la adhere for 
3 &;7h» ailwred the mkaiDgfia to become tarnjy attached, whereas 
the d^progenitofs were toosrfy attached. Tht 0-2A ceU3 were 
detach^ by gentle tlujfting, reptatad onto ooiy-L-iysine-coated 
dishes, and altowed to adhere overnight TT»o cwtturea were 
tne«ted whh 5 mM toucii» methylester (Sigma Chemfc^ 
SL t^uis, MO) for 15 nin A temperHture to km »y re ma ining 
micr09aa, «nd then washed thnM times wrth Dft^^ 
grown ii> N2 medn oontBoimg io ng^mt botin, 30 nM 1^^ 
FBS (WW*) as described (McfQf*»o ct 1990) and estp^^ 
suppJemcitttrtg tttia medta with Other bFGF (5 ng^m^ and POGF 
(10 ng^mO or; routinely, wah 30% Bt04 conditioned media. (B104 
conditioned media was coilecied every 2 daystcom confluent orf- 
tut^ ot this neurotsCastorna line that were maantanwd in Om*^ 
dxwnded inthb manner remained yndiffereriiatedandhigftly propr- 
eratfve, as creviwisly described (BOgleretal^ 1990; Bottenet^ 
Himtar.1990). After six; passages, afiQuOtSoftO^ooOs were prepared 
arxi frezan in Ii()uid nfttpgen. bidnriduaJ aKquots were used for up 
to 3 months with no Change in theor bipofar moiphology or their 
pattern of antigen expression. To generate oeds of the oTrgodendre- 
cyte 5nc«ge, this media was removed and rapCaced W«h OM* tor 
1-3 days- To genocata type-2 astrocytes, ceOs were SwHched to 
DMEM S«Mtemented with 20% F&S for 3 or more daySL 

hnniuno<haore9oenoe Anafy^ 

Pvrfty o( ttke cultures was evbdbEsiwd by irnmu^^ 

ysis using a series of arrtibodtes directed agakm OFaP as a marfcer 

for astrocytes: OX42 monoclonal, a martter for microglia {Hartan 

eioproducts for Science, ind«napofis, IN); arti-A2BS monoclonal 

(Boehfinger Mannheim, tndianapofa, IN), a iTiaicef tor 

tors; 04 and 01. which recognize earty and mature oCgodendro- 

cytet, nespectivBiy (Sommer and Schacfwwr, 1380). Cea» used for 

ininMnofltioreacence analysis were grown on poly-L-lysme-coated 

Lab-TWt e*gM chanber sikJes <Nunc). Sfidos were 1««s^ed rft ph^ 

phate-^rf<ered oafine (PBS), fixed in 4% parafonnatdehyde for 15 

min, and processed for tmitiunoflyorescenco. Primary antibodies 



were diluted in 0.1% bo^ sefum albumin (BSAyPSS as foAjws; 
A2fi5 monoclonat. 1:l(X):culturftsupcmatantj of theO-t moiv>^^ 
and me 01 monoctonals were used at 1:10 W in, respeSely 
(cea tines provided by S. Pfeiffer. Urtvetsity of Conoecticutt; 0X42, 
1;100 (Harlan Sioproducts tor Science): anti-GFAP, 1:500 (grflVA. 
BignamO: antHWBP l;500 (gift o< D. C>)lman). Staimns wrt^ 
and 01 anrtaxxfe wras pcmsmied on and fixed oe& as a coc^ 
for apecrtkaty. with comparaWe iiesulls. Ftuoreooein- or rho^^ 
oonhjgated secondary aiitibodics (ChemJcoa Temecuia, 
diluted t:iOO in 0.1% BSA/PBS. Ccff* stained with antWiFAP orl 
vt^-*^ were peoneabOized in 0.1% TrftonXriOOfor 10 mkt and 

biocfcedforM min tn 0.1 %BSAiPBS before tf^cubaiingwitfj second- ' 
a«y antibodies. 

ProCferatron Assays 

To detwrnine the percentage of cells synthosirin^ DNA. cuttures 
wore ncubaied for 4 hr in the preseru:e of 10 ^lM Bd>U {Sjgma). 
Colturee wore then washed in Pes, fixed in 4% paraforniaWehyde 
for 1 5 min, penneabiliz^ wflh 0.1 % Triton X-1 00 in PBS, and stai^ 
with the fluorescein-conjugated an«-8*OU dlluled 1 : 1 0 in 0.1 % BSA/ 
P9$ for 1 hr following the instructions of the martubcturer CBoe*v- 
rfr*Qcr Mannheim). Slides were mounted in CitjAuor (Citifluor Ltd., 
London, U. K.) containing i ,ig^ml Hoochstnucteardyc The labeling 
■xiex^con^sportdBngtOtfteratioof BrDU^ eel te to total ce«s, was 
detemaned from photomiciiograpns of indwkJual fieWs of Btt^ 
faboted and Hoachst-ctained lUicleL To detemrine the labeC^ 
at specific stages of drffecwrtiation. 6rOU staining was oombared 
v/iih ImmunufltxMeiMjuiiue anafysifr of 04 and Or expre^ion.*Rxed 
cetts were stained with the appropriate antibody, washed, refixed^ 
and then penneabUrcced and processed for 8rOU staintng. A rhoda- 
'n»ne-tabeled Mu chair>-<»pecmc secondary antibody (Cherrtiobn) 
was included with the fluorescein artti-BrOU antibody. * T/* 
Purified growth foctora used ei prolifidf^ation assays irtcl&ed 
POGF AA ©i^, bPGP (a gift of D. Rrfkm, Mew Yor*: UniveiAty 
Metfical ContBc), or rhGGF2 (Cambridge Netiroscienco. CamblKjge, 
MA).H€reguIin ^1 was generated fn Sf9 ceUs infected with a reSi- 
binam bacutovin» expression vector as previously described (Jo 
et aL, 1 995); corrtxols consisted of ooivfilior^ media from Sf9 c©^ 
rrrfected with the ccntroivector^xjth gifts of a Buixien, MTu Medicali 
Center). The Sf9 oonditiocted media was used at a dOutiOf) of 1:100 \ 
a concentrafioo optimited by receptor phosphotytation stwdtes! 
Cortical riewon cocidiCioned media was prepared as pre\ft'ousiy de- I 
saribod (Hardy and Rtfyoofds, 1$$3b>, Neutrafioig antibodies to 
bRif (a Bpft of b. FSrWa R«edical Ceriter), POG^ 
a rat>bit potyclonaJ antibody raised against rhGGF2 (C^^^ 
roacience) wro used. In e Ap e rim ents in wtiich these antibodies w^ 
used to charactorizo rtiilogenic activeties» purified gr^^ 
corxtitioned media were prsrm^tsated with the appropriate antibody 
for 30 min at 3frc prior to addition to the celts, in control studtea^ 
the anb'-PDGF antibody, alone or together with an anti-bPGP ami- 
body, had no eff^ on the nriiiogenic actiwty of GGF whereas these 
arrtibodies compMefy inhibfted the mitogenic activity of bFCa= and 
POGF, respectively (data not St^wn), 

Survival Assays 

To assess the effect of GOf on oeU sinvival, ceUs growing 6104 
conditioned media were changed to DM* media for 3 days. They 
were then switched to either N2 media or DMEM. v«thi or without 
GGF, for 12 or 24 hr and ^tanned with the Live/Deed itaining kit 
(MolecutarProbes. Inc., Eugene, OR) torlSnfWnfoitowfingtf^ 
t»ons of the manufacturer. TTiis metftod reHes on the drffeterttial 
perroeabiTtty of live and dead ceOs to a pair of fluorescent njtiear 
stains (when viewed with eptftuoresoence microscopy, the nu^* of 
live oellG appear green whereas those of dead ceOs appear 

BocaiJiw of fading of the green fiuoresoent dye, itl later experirnents 
we used the Hoechst dye (Sigma) at i pg/ml after fixatioffW a 
Kitwtitute with similar i«*wtt$ and less fading. Tho number of^ 
and Hoechst dye-fab«(«d nMCW in each field were then counted 
from tho Bclachfome sfides projected on a slide viewer; we counted 
S^t.OOO oelis per condition. In some experiments, we also %xSftd. 
"wrphologic criteria. i.e., monitoring pylCAOtic cells under phase^ 
microscopy, and the WTT assay (Sigma), 
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aI^^ Of GGF RiKMiptors 
To^Bfyze the axpression of 

the cOigodendrocyte Kneage wwe tf^^ rhGGF2 at200 noT 
ml « defined media for 25 mm at 3TC..Cefla were <^ 
twee with icecoldPBSandlyaedlncoklfysis buffer contaWna 

5 mM eCTA, 1 mA( N« orthcw>«Jate. TO mM Ntt mofytxSjrtc. 8^ 

a«d 20 MAfl leuoepb-a. Ly«tes w«r. CB^^ 

4X for 20 mm, and supomatants reeerwd for anafyas We 

^«ftct»na»d 15 of prt«om fysatss by St^ 

onto wtrocaHulose. and pcDbed with amibodios to «ther eft>a2. 

ertiSS, and erbB4 (Santa Cmr BiotBchnotogy, Saita One, CA) or 

w^W^the anti-phoGphotyroGine antibody RC 20 (Transductiai Ubo- 

ratoi<<3, Leidngton. KY). Reacting poxein ban^ 

mai^^Cturer (Amersftam, ArUngton Hei^ita, iq. To analyze which 
recoptor subwUlt w«fe pho*phofytated after GGF 
were as abovo and aik^iiOts Of 150 ^ 

theb«linylatedRC20ant^^ - 

hnmunoprecipitates WTO coOected wfth streptavfdm ag^ 
b«*ds (Pieix» Chemical Company, Rockfofd, m and reteaaed by 

bofin^ Jn SOS »an>pte buffer- Saniples WOT fractionated by SD^ 

PAGE etecttx>bk>tt*d. antf probed wUh the eft>e-'spe<^^ 
as desnOwd above. 
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